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Abstract

The first TTF 9-cell cavitiedhiad alength exceeding
considerably the specified tolerance of + 3 mm.
Therefore a control of the frequency and of ldnegth of
cups and dumb-bells for thesecondproduction of 29
cavities wasperformed. We havenalyzederrors in
shape and weldhrinkage of cupsnddumb-bellsmade
by four different companies. A tuning algorithm was
applied to compensate fdne scattered andystemic
offset from theideal shape. Thiseffort resulted in a
length accuracy of the completed cavity of £ 2 mm.

1. INTRODUCTION

Eight TESLA 9-cell cavities are contained in one 12 m
long cryostat. Interconnectingbellows are used to
compensatesmall deviations of the length ofach
cavity. Handling tooldor chemistry,furnacetreatment
andassembly rely on éixed length of the resonators.
Therefore a tolerance @ 3 mm of the total length of
1283 mm is specified for the cavity production.
Unfortunately the length of the beam pipe cannot be
trimmed for the compensation of teeror of the cavity
body because weldinidpe endgroups must bénished
before completion of the cells. In Fig. 1 thkength
tolerance ofthe first 28 cavities fronthree different
companies iglisplayed. As can beeen, thedeviation

of the length wasquite unacceptableTherefore the
cavity fabrication wasnalyzed inmore detailsand "in
situ” frequency measurements were developed to control
the lengthandresonancdrequency ofthe cells, dumb-

bell and 9-cell structure.

2. MECHANICAL TOLERANCES

The cavity contour was calculated by FEM to adjust the
right frequency andength at the operatinggmperature

of 1.8 K. The room temperature frequency is
extrapolatedrom thesedata,including vacuum/air and
cool-down effects in the resonance frequerayning of

the cavity inrespect to dlat field profile at the right
frequency is done biengthening or shortening the iris
to iris distance of each individuatell (see tuning
machine inFig. 2). A total lengthchange of 3 mm
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(i.e. each cell is changed by 3/9 mm = 1/3 mm) results
in a frequencychange of 1 Miz. This means that a
length tolerance of 3 mm of the total cauityits the
allowed error in the contour changeezfchcell to such

an amount whiclchangesthe resonancdrequency to
not more than 1 MHz. With the cavity frequency of 1.3
GHz and adiameter 0f210 mm, thetolerable contour
deviation is (to the first order):

(2 MHz /1300 MHz )* 210 mm = 0.16 mm

The cavity is welded from cups by electrorbeam
heating at theequatorand atthe iris. Thewelding
shrinkage changeshe resonancefrequency by 2.7
MHz/mm at theequatorand-0.8 MHz/mm at the iris
(assumingequal welding shrinkage athe 9 equator
welds and the 10 iris welds). The weld shrinkage can be
calibrated,but the scatter in shrinkagenust be kept
below 0.04 mm at thequator and 0.14 mm at the
iris.

3. LENGTH AND FREQUENCY
CONTROL DURING SECOND
PRODUCTION

During the second cavity productionthe following
quality control steps were applied:

(@ Frequency measurement of all cells,

(b) Contour measurements of some cells,

(©) Frequency measurements of some cells after
welding at the iris (dumb-bells),

(d) Frequency measurement of all dumb-bafter

welding the stiffening ring.

Step (a) andd) were carriecout for all cups to control
the reproducibility of the forming and the welding. Step
(b) wasused to correlate eesonantfrequency change
with the contour deviation. Basuremenfc) was used

to calibratethe contourdeformationand the welding
shrinkage by the iris weld.
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Figure 1:

Length deviations of first TTF cavities tuned at the operating frequency
(28 cavities were fabricated by 3 different companies)

Figure 2: Photo of the computerized tuning machine
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3.1. The frequency and the length adjustment
method.

The shapeerror of cups should beorrectedbefore the
EB welding. The correctiomust beperformed insuch

a way that finally the whole 9-cell cavity arrivesth,

at the right frequency andthe right length. The
procedure we chooseakes use of the opposithange

of the frequency due tothe volume change in the
magnetic field region and in the electric field region. An
extension near to the equatdt e, done at the stage of
cups) makes the frequency lower while an elongation of
a cell ALz done when tuning thefinished cavity)
makes thefrequency higher (Fig. 3). Thefrequency
sensitivity factors are listed in Table 1.

Table 1: Sensitivity factors

Equator Length
AlLe ALz
of [MHz/mm] -5.3 5.4

Consider an examplherethe frequency ofthe cup is
right but the cup is too long by some amountAtf.
To correct this erroone should shorten treguator by
AL/2 and should squeeze the cell Ai/2. This would
result in almost nachange inthe frequencybut will
reduce thdength of the cup by theequiredamount of
AL. A similar case is when the length is right but the
frequency istoo low by Af. After the equator is
shortened by-0.5*Af/éf and the length of the cell is
increased byulling by the same amount, veerive at
the right frequency andthe length stays almost
unchanged . Practically, most of the cugere trimmed
beforethe EBwelding in dumb-bellsvhile the plastic
deformationALz is always donewith the help of a
tuning machine, at thend of cavity preparatiorafter
the main BCP treatment.

Elongation ALe in the magnetic field region

\ |

Figure 3: Trimming of the equator to adjust the
elongation at the equator

4. THE FREQUENCY MEASUREMENT
4.1 Test set-up.

The cup (dumb-bell) is placed betwetvo plates(Fig.
4). The cupfrequency inthe test setup i®qual to O-
mode frequency becausetbk electricsheet at théris.
The dumb-bell haswvo resonanfrequencies of 0-mode
and T=mode. The platesre madefrom niobium to
avoid a pollution of cups before welding. Tresonant
frequency of the cup in the test machinesggial to the
frequency of cell with electrical boundaries at the
equatorandthe iris. Agood RF contact, especially at
the equator, is crucial fothe frequencymeasurement.
Thereforespring loadedclampsare used topress the
equator against the contact platésee fig. 4, left
picture).

Figure 4: Photo and schematic cross-section drawing of the test device for the frequency measurements of
dumb-bells (left) and cups (right)
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Figure 5: The frequency statistics of 90 (left) and 29 (right) cups from two different materials. Deep-drawing was done

with an inner and outer metal tool.
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Figure 6: The frequency statistics of cups fabricated by
pressing the sheet with a resilient cushion over an inner
mgtal tool.
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To perform the measurements two shodlectrical
arennasre placed irthe center ofcontact plates and
ccggmected to the Network Analyzer.

4§. Influence of tooling.

Three different companies were involved in
manufacturing of Nb cavities foFTF. The cupswere
formed from Nb discs in two steps:

e deep drawing step,

« secondforming step whichcorrects deviations at
the iris region (small bending radius).

There are two different tools for deep drawing:

1. The sheet ispressed" between anner and outer
metal tool. Thismethod issensitive tochange in
sheet thickness. Furthermorthere is no control
that the later "inner'surface ofthe cups follows
the specified contour.

As a matter ofexperience, different Nibatches from

different companies showdifferent behavior during
forming. For example, inFig.5 the frequency
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2. The sheet is"pressed"over an innertool by a

resilient cushion or an equivalent hydrolic medium.
Hereby the thickness of the sheet is not critical and
the "inner" contour of the cup is formed precisely.

160 cupswere formedfrom the same batch of Nb
sheets with the twdlifferent deepdrawing tools. The
result is displayed in Fig. 5, right grapmdFig. 6. It
can be seethat thescatter forthe resonancdrequency
is smaller for theseconddeep drawing method. The
standarddeviation is0.2 MHz for method land 0.1
MHz for method 2.

4.3. Influence of Nb material

The Nb material is specified in respect to

« Degree of re-crystallization,

* Hardness,

« Yield strength,

*  Thickness of sheet,

e Electrical properties.

—O—Material A —A—Material B

ErefyuereyloeyiatoRTHHz

| I 11 v

Figure 7: Frequency deviations measured atdifierent
fabricationsteps. | -Half cells; Il - Dumb-bellsafter
weld of iris; 1l - Dumb-bells after weld of the
stiffening ring; IV - Cells in the cavity.

measurement of 9@nd 29 cups fromdifferent Nb
suppliers after forming with the same tool at taene
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company is shown.There is a difference in the
frequency off set of 0.6 MHz, but the standard deviation
of 0.2 MHz remains constant. It means, thateaist
the toolsfor the secondforming processmight need a
fine trimming after some sample forming with the new

Fig. 8: Comparison of the lengiteviation ofthe finishe
corrections after frequency measurements of the cups.

The degree ofre-crystallization isdetermined by the
microscopic examination of the grain structureoafy

a fewcuts from the Nb sheet§hereforethis method
cannot exclude variations of the degree of re-
crystallization within the sheets or between the sheets.

A simpler check is to measure hardnessHV10 on

each sheet of niobium. ThehardnessHV10 was
measured at the corner of all sheets and values above 60
were not accepted.
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material. Thisdifferentbehavior of Nb batches is not
equally severdor all Nb suppliers. The ost likely
reason forthe non-uniformity is a non-constadegree
of re-crystallization of the sheet.

d cavitieswith (shadedbars) and without (light bars)

4.4. Infuence ofiris and stiffening ring
welding

The welding shrinkage athe iris changeghe resonant
frequency of the cupsand this turned out to be
reproducible oncehe welding parametersvere fixed.

The weld of astiffening ring from the outsiddeforms

the inner contour of the cupand thus changes the
resonance frequency. Since the weld afitiening ring

is more complicated as is the case of the "plane”

iris or equatorweld, the welding conditions athe EB

installation at different companiesresulted in quite
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different contour distortion. Nevertheless, the
reproducibility ofthis distortion isgood enough to be
compensatedrig. 7 shows thehange offrequency of
three productiorsteps at one company from cups to
finished cavities.

4.5. Results of finished cavities

21 cavities were fabricated with the controlfiEguency
and trimming the height of cups adescribedabove.
Fig. 8 comparesthe lengthdeviation ofthe finished
cavities with (shadedbars) and without (light bars)
corrections aftefrequencymeasurements of theups.
Cavities 37, 39, 40, 4land 42 sufferedfrom a
mechanical error of -0.1 mm when cutting &gpator.
For cavity 29 a wrongrediction ofthe iris welding
shrinkage was applied. All other cavitiegre delivered
within the lengthtolerance oft 3 mm. Inthe future
the trimming of length will becarriedout at thestage
of dumb-bell rather than cups. The advantage is, that
¢ Possible change of the iris welding can be
compensated,
¢ Change in
compensated,

the stiffeningwelding can be
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e The planarity of botrequatorialplanes of adumb-
bell is assured.

5. CONCLUSION AND OUTLOOK

The solutionfor a massproductionmust be toassure
reproducibility of Nb material parameters, forming and
welding properties tsuch adegree,that the complex
frequency measurement isneeded only for quality
control on afew samples.Based onour experience,
reproducibility of welding is not critical. More
investigation is needed reducethe change offorming
properties of the Nb sheets frodifferent fabrication
lots. Inadditionthe functionality of the formingools
must beoptimized to assuréhe correctinner contour
regardless some changes of sheet thickaedsnaterial
properties.
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